ABSTRACT 5-aminolevulinic acid (5-ALA) has been at the forefront of small molecule based fluorescence-guided tumor resection and photodynamic therapy. 5-ALA and two of its esters received marketing authorization but suffer from several major limitations, namely low stability and poor pharmacokinetic profile. Here, we present a new class of 5-ALA derivatives aiming at the stabilization of 5-ALA by incorporating a phosphatase sensitive group, with or without self-cleavable linker. Compared to 5-ALA hexyl ester (5-ALA-Hex), these compounds display an excellent stability under acidic, basic and physiological conditions. The activation and conversion into the 5-ALA is controlled and can be structure-tailored. The prodrugs display reduced acute toxicity compared to 5-ALA-Hex with superior dose response profiles of protoporphyrin IX synthesis and fluorescence intensity in human glioblastoma cells in vitro. Clinically relevant fluorescence kinetics in vivo shown in U87Mg glioblastoma spheroid tumor model in chick embryos provide a solid basis for their further development and translation to clinical fluorescence guided tumor resection and photodynamic therapy.
Introduction
5-aminolevulinic acid (5-ALA) is a natural precursor of protoporphyrin IX (PpIX) in heme biosynthesis ( Figure 1 ). Exogenous administration of 5-ALA causes temporary overproduction and accumulation of fluorescent PpIX by circumventing the negative feedback mechanism of heme biosynthesis [1] . Preferential accumulation of PpIX in rapidly proliferating cells as compared to healthy cells provides excellent inherent selectivity. This gives 5-ALA great potential for use in fluorescence photodetection (FPD) [2, 3] , fluorescence-guided tumor resection (FGR) [4, 5] , sono-(SDT) [6, 7] and photodynamic therapy (PDT) [8, 9] . In this respect 5-ALA is an exceptional molecule as there have been only a handful of small molecules successfully used for these purposes [10] . The overwhelming clinical need for better detection and treatment options is perhaps best exemplified by malignant gliomas [11] , a group of highly aggressive brain neoplasms characterized by an extremely infiltrative growth and median survival rate of 15 months [12] . The optimal treatment option for glioma patients is the complete resection of malignant tissue followed by adjuvant radiotherapy and chemotherapy [13] . However, complete tumor resections often fail because of undistinguishable differences between tumors and the surrounding healthy tissue during surgery. To address this issue, 5-ALA-induced PpIX fluorescence was tested for FGR in malignant gliomas and proved effective in clinical trials [14] . Today, 5-ALA is approved and commercialized under the tradename of Gliolan® [15] despite the fact that only 0.1% of the administered dose reaches the brain. The latter can be explained by 5-ALA's poor bioavailability caused by its zwitterionic character under physiological conditions. The resulting polarity, thus, limits 5-ALA's ability to pass biological barriers. This, along with its short half-life, small volume of distribution and accumulation in the liver and kidneys [16] , makes 5-ALA non suitable for systemic administration [17] . To overcome these shortcomings, different strategies aimed at improving the drug-likeness and the pharmacokinetic profile have been employed. An optimal clinical outcome can be expected when a balance is reached between the stability of the molecule, ability to pass biological barriers, passive or active entry [18] , low toxicity, and most importantly efficient induction of PpIX-mediated fluorescence. Until today, research on improving 5-ALA-induced PpIX focused on increasing 5-ALA's lipophilicity mostly through the modifications of carboxylic group of 5-ALA resulting in a vast variety of structurally diverse esters [19] . The major reasoning is that increased lipophilicity potentially improves the passage through biological membranes thus increasing intracellular substrate concentration for heme biosynthesis. Recently, substantial efforts have also been directed towards nanocarriers loaded [20] [21] [22] [23] [24] or conjugated [25] [26] [27] [28] with 5-ALA. These approaches tackle some of the pharmacokinetic and specificity drawbacks of 5-ALA but have so far failed to produce a clinical candidate for the improved delivery of 5-ALA mostly due to high 5-ALA loading and delivery required for this type of FPD or PDT. The only clinically successful solution to improve 5-ALA remains a simple esterification of the 5-ALA's carboxylic group with aliphatic alcohols. 5-ALA-methyl ester (Metvix®) is approved for the topical treatment of actinic keratosis and basal cell carcinoma [9] , and ALA-Hex (Hexvix®) has been marketed for the FPD of bladder cancer [19] . Although improved in the terms of lipophilicity and permeability, ALA-Hex is acutely toxic with equally poor pharmacokinetic profile as 5-ALA hence not providing a potential alternative for systemic administration [17, 29] . Fig. 2 . The stability-activity paradox of ALA. Free 5-amino ALA and its ester derivatives (R1) have improved properties but low stability at physiological pH. Derivatization of the amino group of 5-ALA (R2) results in stable ALA products that have greatly diminished or no pharmacological activity.
The additional drawback of 5-ALA derivatives with unprotected 5-amino group is their inherent chemical instability. At physiological pH they undergo irreversible degradation to 3,3'-(3-amino-1H-pyrrole-2,4-diyl)dipropionic acid derivatives and predominantly 2,5-(β-carboxyethyl) dihydropyrazine followed by oxidation to fully aromatic 2,5-(β-carboxyethyl)pyrazine (Figure 2 ). This interferes with the formation of porphobilinogen which is the product of enzymatically catalyzed asymmetrical 5-ALA condensation [30, 31] . This adds to the complexity for the clinical use of 5-ALA and its derivatives since the pharmacological response will vary according to pH, buffer composition, concentration, and the timeframe between the preparation of the pharmaceutical form and its use [31] . The obvious chemical solution to this problem is the protection of 5-ALA's terminal amino group. However, the introduction of most groups at the 5-amino its end either greatly reduces or completely diminishes pharmacological activity. To the best of our knowledge, the only exception is a series of pseudodipeptides conjugated to 5-ALA's which induced the PpIX production in only limited number of cancer cell lines [32] [33] [34] . Albeit endowed with poor physico-chemical properties the limited clinical success of 5-ALA and its ester derivatives provides a proof of the translational potential for new 5-ALA prodrugs that manage to overcome these drawbacks. Since 5-ALA-induced PpIX is selective for tumors, we hypothesized that the introduction of an N-terminal group that can be activated by ubiquitously expressed enzymes would circumvent this problem. Therefore, we have focused our efforts on the design and synthesis of novel classes of 5-ALA derivatives modified at the amino group that can be activated in vivo by alkaline phosphatases [35] , ubiquitous enzymes present in all tissues and known to be overexpressed in certain types of tumors [36] [37] [38] [39] . To the best of our knowledge this is the first time that the 5-amino group has been successfully protected using a phosphate group. These modifications hold promise to overcome barriers for systemic administration of conventional 5-ALA esters.
Materials and Methods
Chemicals were purchased from Sigma-Aldrich and Acros and used as received. Ultrapure water was prepared using a Millipore MilliQ Advantage A10 System (Millipore, Bedford, USA). Alkaline phosphatase from calf intestine was obtained from Applichem (AxonLab AG, Switerland). Buffers were freshly prepared according to standard Geigy buffer tables. Reactions were performed under inert argon conditions. Dry dichloromethane (CH2Cl2) was freshly distilled over CaH2 under nitrogen. Dry tetrahydrofuran (THF) was distilled from sodium/ benzophenone under nitrogen. Analytical thin layer chromatography was performed using TLC Silica gel 60 F254 alumina plates and visualized at 254 nm and 366 nm.
Purification
Normal phase Flash chromatography was done using PuriFlash 4100 system from Interchim (Montluçon , France) equipped with a diode array detector and fraction collector. Preparative reverse-phase HPLC was performed on PuriFlash 4100 system from Interchim or Waters delta 600 HPLC system equipped with Waters 2487 dual wavelength detector and Macherey Nagel Nucleodur C18-Htec 5 µm 250×21 mm semi-preparative column or Waters Symmetry C4 5 µm, 19×150 mm semipreparative column.
2.2. Characterization UPLC-MS analyses were performed using Thermo Fisher Accela system and Macherey Nagel C18 Nucleodur Gravity 1.8 µm 50×2 mm UPLC columns. 1 H, 13 C, 31 P, COSY, HMBC and HSQC NMR spectra were acquired at 298 K on Varian Anova 300 MHz and Agilent Varian Inova 500 MHz NMR spectrometer (Palo Alto, CA, USA)500 MHz spectrometers at the School of Pharmaceutical Sciences and Bruker Avance 300 and Bruker Cryo-Avance III 500 MHz spectrometers at the Chemistry NMR facility at the University of Geneva, Switzerland. All chemical shifts are reported in the standard notation of parts per million using the peak of residual proton and carbon signals of the solvent as internal references. NMR peaks are referred to as singlet (s), doublet (d), doublet of doublets (dd), triplet (t), broad singlet (br s), or multiplet (m). Coupling constants (J) are reported in Hertz. Low-resolution mass spectroscopy using electrospray ionization (ESI) were performed on API 150EX from AB/MDS Sciex. High-resolution mass spectroscopy measurements were performed on QSTAR Pulsar XL from AB/MDS Sciex. Chemical structures were drawn and named according IUPAC nomenclature using ChemBioDraw version 14.0.0.117 software package. NMR spectra were processed with Mnova version 8.0.2 software package.
2.3. Synthesis 2.3.1. Hexyl 5-amino-4-oxopentanoate 1 Hexyl 5-amino-4-oxopentanoate was synthesized according to published procedure [40] . Briefly, thionyl chloride (8.20 g, 68.9 mmol) was added dropwise to 1-hexanol (60.0 mL, 48.8 g, 475 mmol) in an ice-bath. After the solution was stirred for 10 min the ice-bath was removed, 5-aminolevulinic acid hydrochloride (8.20 g, 49.0 mmol) was added. The reaction mixture was stirred at ambient temperature for 1h, followed by reflux at 80 °C for 2h. After cooling down, ether (150 mL) was added and the precipitate filtered off and washed with ether (2x50 mL). Extensive drying in vacuo gave colorless solid (10.6 g, 42.1 mmol, 86%). 1 H NMR (300 MHz, DMSO-d6) δ 8.35 (s, 3H), 3.97 (t, J = 6.7 Hz, 2H), 3.92 (s, 2H), 2.78 (t, J = 6.5 Hz, 2H), 2.52 (t, J = 6.5 Hz, 2H), 1.61 -1.43 (m, 2H), 1.37 -1.14 (m, 2H), 1.05 -0.73 (m, 1H). 13 (20. 0 mL) and cooled to -20 °C under argon atmosphere. Chloromethyl chloroformate (141.8 mg, 1.10 mmol) was added under stirring in one portion followed by dropwise addition of triethylamine (417 µL, 3.00 mmol) dissolved in dry DCM (5.0 mL). The reaction mixture was stirred for 1h at -20 °C and allowed to warm up to ambient temperature. After quenching with water (5.0 mL) the reaction mixture was extracted with DCM (2×20 mL). The organic phase was washed with diluted HCl (2×10 mL) and saturated NaHCO3 solution and dried over Na2SO4. The product was purified by Flash chromatography using DCM/MeOH gradient giving colorless oil (272 mg, 0.886 mmol, 89% yield). 1 [41] . Briefly, dibenzyl phosphate (1.00 g, 3.59 mmol) was dissolved in ethanol/water mixture (50/50 V/V, 10 mL). The solution of sodium hydroxide (3.59 mL, 1.00 M, 3.59 mmol) was added and the solution stirred for 5 min. Then silver nitrate (610 mg, 3.59 mmol) dissolved in hot water (5.0 mL) was added. A colorless precipitate was formed immediately. After 15 min the suspension was suction filtered and the precipitate washed with cold water (5.0 mL) and ethanol (5.0 mL) and dried in vacuo to yield colorless solid (1.15 g, 3.00 mmol, 83% yield). 1 
Hexyl 5-(((((bis(benzyloxy)phosphoryl)oxy)methoxy) carbonyl)amino)-4-oxopentanoate 4
Procedure A: 2 (440 mg, 0.60 mmol) was added to a suspension of sodium iodide (440 mg, 2.93 mmol) in acetone (20.0 mL) and refluxed at 60 °C for 2 h. The solvent was evaporated under reduced pressure and water (10 mL) added. The product was extracted with ether (3×20 mL) and dried over Na2SO4. After the solvent was evaporated colorless oil was obtained and used immediately in the next step without purification. Crude hexyl 5-(((iodomethoxy)carbonyl)amino)-4-oxo-pentanoate was dissolved in toluene (50.0 mL) followed by the addition of silver dibenzyl phosphate (346 mg, 0.90 mmol). The suspension was heated at 50 °C for 1h in the dark when the starting material was consumed. The brown precipitate was filtered off and the solvent evaporated under reduced pressure. The crude product was purified by Flash chromatography using DCM/MeOH gradient yielding colorless oil (139 mg, 0.25 mmol, 42% yield, 2 steps).
Procedure B: 2 (813 mg, 2.65 mmol) and silver dibenzyl phosphate 3 (1.22 g, 3.18 mmol) were suspended in dry toluene (50.0 mL) and heated at 60 °C. After 5 h the dark brown suspension was suction filtered. The solvent was evaporated under reduced pressure and the crude product purified by Flash chromatography using a DCM/MeOH gradient yielding a colorless oil (1.04 g, 1.90 mmol, 72% yield). The spectral properties of the product were identical using both procedures. 1 
Triethylammonium salt of hexyl 4-oxo-5-((((phosphonooxy)methoxy)carbonyl)amino)pentanoate 5
4 (600 mg, 1.09 mmol) and triethylamine (455 µL, 3.30 mmol) were dissolved in absolute ethanol (50.0 mL). The reaction flask was flushed with argon before palladium on charcoal (50 mg) was added. Argon was exchanged with hydrogen and the reaction mixture stirred under hydrogen at 1 bar for 3 h. The catalyst was filtered off and washed with absolute ethanol (2×10 mL). The product as colorless oil was obtained after evaporation of the solvent and extensive drying of the product in vacuo (506 mg, 3.05 mmol, 99.0% yield). 1 2.3.6. Triethylammonium salt of hexyl 5-((hydroxy(phenoxy)phosphoryl)amino)-4-oxopentanoate 6 Phenyl dichlorophosphate (407 mg, 1.93 mmol) was dissolved in dry THF (20.0 mL) and cooled to 0 °C on ice. Hexyl 5-amino-4-oxopentanoate (491 mg, 1.95 mmol) was added to the cooled solution followed by dropwise addition of dry triethylamine (600 µL, 4.31 mmol). The resulting suspension was stirred at 0 °C for 1h and then allowed to warm-up to ambient temperature. After 2h at ambient temperature the reaction mixture was filtered and the supernatant quenched with water (5.0 mL) and triethylamine (650 µL, 4.71 mmol). After 4h at ambient temperature water (20 mL) and ethylacetate (40 mL) were added. The organic phase was discarded and the aqueous phase re-extracted with DCM (2×20 mL), washed with brine and dried with sodium sulfate. The crude product was purified by Flash chromatography using DCM/MeOH (+0.1% TEA) gradient giving colorless oil (542 mg, 1.15 mmol, 58 % yield). 1 
Chemical stability
The stability was assayed at pH 4.00 (acetate buffer), 7.40 (phosphate buffer) and 8.90 (borate buffer). The concentration of all buffers was 25 mM. The compound of interest was dissolved in buffer solution at 5 mM concentration and pH adjusted if necessary. The vial was placed in a temperature-controlled LC-MS autosampler preheated at 37 °C and injected at regular time points. The chromatograms were integrated and AUC of the compounds was determined and plotted as a function of time.
2.5. Alkaline phosphatase assay The compounds (5.0 mM) were dissolved in borate buffer (25 mM) at pH 8.90 containing MgCl2 (0.5 mM). Alkaline phosphatase from calf intestine (Applichem-Axon Lab) dissolved in the same buffer was added and the vial was placed in a temperature-controlled LC-MS auto-sampler preheated at 37 °C and injected at regular time points. The chromatograms were integrated and AUC of the starting material was determined and plotted as a function of time. ) were grown in monolayers and maintained in Minimum Essential Media (31095-029, Thermo Fisher Scientific) supplemented with 10 % fetal calf serum (CVFSVF00-01, Eurobio), 100 µL/mL streptomycin and 100 IU/mL penicillin (15140-122, Thermo Fisher Scientific). Cells were cultivated at 37 ⁰C in humidified 95% air and 5% CO2 atmosphere and routinely maintained by serial passage in a new medium every 5 days.
PpIX fluorescence time profiles
U87Mg cells (10,000 cells/well) were seeded in a 96-well plate (clear bottom black plate, 3603, Corning). The following day the medium in the wells was replaced with medium containing increasing concentrations (0.033, 0.1, 0.33, 1.00, 2.00 and 3.33 mM) of compounds of interest. 5-ALA-Hex was used as positive control. PpIX fluorescence was recorded with a plate reader (Safire, Tecan) at different time points (1, 2, 4, 6, 8 and 24 h). Excitation wavelength was set at 405 nm and emission wavelength at 635 nm. Cells were maintained at 37 °C for the duration of the assay.
Dark toxicity experiments
PSC-ALA -Hex, P-ALA -Hex, and ALA-Hex at increasing concentrations (0.033, 0.10, 0.33, 1.00, 2.00 and 3.33 mM) were incubated in the dark at 37 ⁰ C in humidified 95 % air and 5 % CO2 atmosphere. After 24 h U87Mg cells were washed with DPBS (14190-094, Thermo Fisher Scientific) and fresh medium was put into each well. They were then kept in the dark for another 24h at 37 ⁰ C in humidified 95 % air and 5 % CO2 atmosphere. Cell viability was measured using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (M2128, Sigma). Cells were washed with DPBS (100 μL) and MTT (50 μL, 0.65 mg/mL) in complete medium was added into each well. Three hours later, formazan crystals were dissolved by adding DMSO (100 µL) (D/4121/PB15, Thermo Fisher Scientific) into each well. The absorption was measured at 570 nm with a plate reader (Safire, Tecan). The percentage of cell survival was calculated with respect to controls incubated with the complete medium or a solution of DMSO (50 %) in complete medium, as follows: % cell viability = [A (test-conc.) -A (100 % dead) / A (100% viable) -A (100 % dead)]× 100.
2.9. Preparation and treatment of U87Mg tumor spheroids HEMA coated plates were prepared by dissolving Poly-HEMA in ethanol. In a laminar flow box, 50 µL was dispensed in each well of a round-bottom 96-well plate. The 96-well plates were left under the laminar flow box to evaporate the solvent. After 24h they were covered with lids, protected by aluminum foil and kept at room temperature until the experiments. For spheroid preparation, 200 μL/well of U87Mg cell suspension at the density of 0.5 x 10 4 cells/mL was dispensed into coated 96-well plates using a multichannel pipette. In order to obtain optimal three-dimensional structures 3% of Basement Membrane Matrigel® Matrix (356234, Corning) was added into the cell suspension prior to seeding. Plates were incubated at 37 ⁰C in a humidified 95% air and 5% CO2 atmosphere.
2.10. Confocal laser-scanning microscopy of spheroids On day 2 of spheroid tumor development the spheroids were treated with 0.33 mM concentration of compounds of interest and 5-ALA-Hex as positive control. Non-treated spheroids incubated with cell medium were used as a negative control. Spheroids were kept at 37 ⁰C in humidified 95% air and 5% CO2 atmosphere for 4h after which they were washed with cell medium. The non-fixed U87Mg spheroids were incubated for 1h with Hoechest 33342 stain (62249, Thermo Fisher Scientific) to achieve the staining of nuclei. Prior to imaging, spheroids were transferred to a glass bottom microwell dishes (35 mm petri dish, 14 mm Microwell, MatTek Corporation). Detection and localization of PpIX fluorescence in intact spheroids was done with the Zeiss LSM 780 inverted confocal microscope. The z-stack images were taken with a 405 nm laser using 415 -493 nm and 615 -659 nm filters, pinholes of 27 µm, and a 10x objective. During the image acquisition time, spheroids were kept at 37 °C in a humidified chamber (INUBTF-WSKM-F1, Tokai Hit). Obtained z-stack fluorescence images were analyzed using Zeiss ZEN lite software to produce the maximal intensity projection image for each sample.
2.11. Chicken chorioallantoic membrane (CAM) spheroid model 2.11.1. Egg incubation Fertilized chicken eggs (University animal facility, University of Geneva, Geneva, Switzerland) were placed in the incubator (MG 200, Savimat, chauffry, France) and incubated at 37 °C and 65% relative humidity. The eggs were placed with the narrow apex oriented downwards. During the first three days, eggs were rotated gently using the automatic rotation mode of the incubator. On embryonic development day 3 (EDD3) a small hole (≈ 3mm) was made at the narrow apex of the eggshell and closed with an adhesive tape. Eggs were returned to the incubator and placed so that the narrow apex was directed upward. Rotation was no longer necessary after this point until the end of the experiments.
2.11.2. Nodule inoculation into CAM U87Mg spheroids were prepared as described above using 2.5 x 10 4 cells/mL. Spheroids grew 4 days before inoculation into the CAM. On EDD7, the hole in the eggshell was enlarged to allow access to the CAM vasculature, using a needle (25 Gauge) a hole was drilled in the CAM. A binocular lens Leica M80 (Wetzlar, Germany) was used to perform the inoculation. Once the hole was pierced in the CAM, the spheroid was placed in the cavity beneath the hole. Cell medium (20 µL) was placed on the spheroid to allow the tumor to attach to the CAM membrane and develop. Then, the eggs were sealed with parafilm and returned to the incubator to let spheroids grow until EDD13.
Fluorescence imaging of CAM tumors.
On EDD13, the compounds were injected intravenously into the CAM vasculature. The hole enlarged on EDD7 was further widened if necessary to allow more access to vessels and to facilitate handling. Injection (10-40 µL) was performed preferentially into a large blood vessels using a needle (gauge 33, 51 mm, tap N type) attached to a 100 µL syringe (Hamilton, Reno, NV). Fluorescence imaging of tumor nodules was done with 12-bit monochrome CDD camera (Retiga EX Q-Imaging Canada) connected to fluorescence Eclipse E600 FN microscope with a CFI achromat objective characterized by magnification 4×, numerical aperture of 0.10 and a working distance of 30 mm (Nikon, Tokyo, Japon). A conical holder was used to place the eggs during experimentation under the objective of fluorescence microscope. A mercury arc lampHBO 103/W/2 (MS Scientific Berlin, Germany) was used to provide illumination. For the detection of PpIX a BV-2A cube (Nikon, Tokkyo, Japan) with an excitation filter: 400-440 nm, a dichroic mirror (455 nm) and an emission filter (470 nm) was used. A hollow slider filter 650/50 nm was added. Band pass filter 560/40 was used to image the autofluorescence of tumors. All pictures were taken with a 90 ms exposure and gain set at 50. Tumor imaging was performed at time 0, 30, 60, 120 and 300 min after injection. Autofluorescence images were taken before injection. Images were processed using Openlab software version 3.1.5. Image resolution was 678×518 pixels with a binning set at 2 and the brightness and contrast for all images. The surface-averaged fluorescence signal of an area of interest (AOI) was determined within the tumor nodules and outside of the tumors. Data was analyzed using multiple t-tests and statistical significance determined at each time point.
Chick embryo acute toxicity
The experiments were performed according to published procedures and standard animal treatment practices [42] . Escalating doses of compounds dissolved in milliQ water and pH adjusted to 7.4 were administrated to chick embryos on EDD13 via intravenous injection. The viability of chick embryos has been evaluated after 24h after injection.
Whole blood stability assay
Whole blood was taken from chick embryos on EDD13 using an insulin 500 µL syringe and 25 gauge needle (0.5×16 mm). Whole blood (300 µL) was collected from each embryo and the anticoagulant and preservative solution added (45 µL) according to Ph. Eur. 8.8. Briefly, the anticoagulant solution was prepared by dissolving sodium citrate (2.20 g), citric acid monohydrate (0.80 g) and glucose monohydrate (2.45 g) in water for injections (100 mL). The citrated whole blood was stored at 4-6 °C and used within 72 h of collection. Compounds PSI-ALA-Hex (5) and P-ALA-Hex (6) were dissolved in whole blood giving the final concentration of 10 mM. The vial was placed in a temperature-controlled LC-MS auto-sampler preheated at 37 °C and aliquots of plasma were injected (2µL) at regular time points. The full gradient (ammonium formate/MeOH) chromatograms of were integrated and AUC of the compounds were determined and plotted as a function of time.
Statistical Analysis
GraphPad Prism 6.0.1 for Windows (GraphPad Software, version 6.05, San Diego, CA, USA) was used for biological data analysis and treatment. All results are presented as means ± standard deviations. Where applicable one-way ANOVA or multiple t-tests was used to analyse the results. P values < 0.05 were considered as statistically significant.
Results and discussion
5-ALA is currently marketed for several applications. In cancer detection and management its use is sparse with the notable exception of FGR for glioblastoma. 5-ALA-Hex is a hexyl ester derivative of 5-ALA induces saturation of fluorescence induction in tumor cell lines several-fold higher compared to 5-ALA in vitro. Its superiority in fluorescence induction at lower doses and shorter time resulted in its approval for topical application in FGR of bladder cancer. However, the toxicity profile of 5-ALA-Hex narrows its therapeutic index meaning it cannot be administered safely into systemic circulation. Furthermore, 5-ALA and its hexyl ester suffer from inherent instability coming from the free amino group which results in the irreversible dimerization rendering them inactive (Figure 2 ). To our knowledge, no 5-ALA derivative modified at the amino group showed robust fluorescence profile in vitro or in vivo [43] . The reason for the biological inactivity of the amino-modified derivatives is the high substrate specificity of porphobilinogen synthase coming from its reaction mechanism through the formation of Schiff base linkage between free amino group of 5-ALA and the lysine residues in the enzyme's active site [44] . We set out to investigate whether it would be possible to solve this 5-ALA paradox, meaning the modification of the 5-amino end of the molecule that will render the molecule stable and impede the dimerization degradation but not at the expense of biological activity. To this end the protecting group attached to the 5-amino group needs to be very efficiently cleaved off either chemically or enzymatically in vitro and in vivo. We present 2 new classes of amino modified 5-ALA prodrugs that both tackle this problem (Figure 3 ). The first class contains 5-ALA and a phosphate group connected via a short chemical linker that is designed to yield 5-ALA or its ester upon the action of alkaline phosphatase. After the enzymatic cleavage the subsequent hydrolysis of the selfimmolative linker [45] is spontaneous. This class was therefore named phospho-self-immolative 5-ALA (PSI-ALA). The second class, called phospho-5-ALA (P-ALA), is also activated by alkaline phosphatase but gives 5-ALA directly after enzymatic action without the use of a self-immolative spacer. Both classes were designed to display improved stability since the amino group is protected and at the same time reduce the acute toxicity of 5-ALA-Hex which can at least partially be explained by the free positively charged amino group. The differences in amine-protecting groups were also expected to give different sensitivity towards the target enzyme. We decided to synthesize the hexyl esters of both new classes because the 5-ALA-Hex demonstrates vastly superior profile in fluorescence induction as compared to 5-ALA. The two classes are hence represented by hexyl ester derivatives compound 5 (PSI-ALA-Hex) and compound 6 (P-ALA-Hex) and compared to ALAHex. It did not escape our notice that the concept of 5-ALA derivatives that can be activated by ubiquitously expressed hydrolases can also be extended to other enzymes such as glycosidases, nucleases, oxyreductases, and ureases. Fig. 3 . Bioactivation mechanism of phosphatase-sensitive prodrugs of ALA. Alkaline phosphatase enzymatic cleavage of phosphate group is followed by spontaneous conversion of ALA-hemiacetal into ALA (PSI-ALA, left) or affords ALA ester directly (P-ALA, right).
Synthesis
The synthesis of PSI-ALA class of compounds was done in four or five synthethic steps depicted in Figure 4 . 5-ALA was used as starting material and was firstly esterified by 1-hexanol to give 2 in excellent yield. The self-cleavable linker between the phosphate group and 5-ALA moiety was introduced with chloromethyl chlorformate and triethylamine as base at -20 °C to keep the dimerization side reaction to a minimum. 3 was obtained in very good yield. The introduction of the phosphate group was attempted in two steps. The Finkelstein reaction using an excess of sodium iodide in refluxing acetone gave firstly more electrophilic iodide derivative. It was used in the following step without purification as it proved to be poorly stable and degrading even stored at -30 °C under argon. The following step gave the protected phosphate derivative 5 by reacting 4 with silver salt of dibenzyl phosphate at room temperature in moderate yield for the 2 steps (42%). The low yield was presumably due to the degradation of the poorly stable iodomethyloxycarbonyl derivative. We decided to attempt a direct conversion of 2 to protected phosphate 4 by reacting the same chloro derivative 2 with the dibenzyl phosphate silver salt 3 by refluxing in toluene at 60 °C which gave a much better 72% yield. Hydrogenolysis using Pd/C as catalyst in absolute ethanol and excess of TEA gave the final product 5 (PSI-ALA-Hex) in quantitative yield. It is noteworthy that the presence of base is essential for the outcome of the deprotection step. The self-immolative linker is acid-sensitive and is spontaneously cleaved under these reaction conditions in the absence of triethylamine as base. Contrary to the PSI-ALA-Hex, the P-ALA-Hex was synthesized in a straightforward 2-step conversion from 5-ALA. The esterification step yielding 2 was the same as described above for PSI-ALA-Hex. Reacting 2 with 1 eq of phenyl dichlorophosphate at 0 °C to increase the yield by reducing the dimerization rate of 5-ALA-Hex under basic conditions gave the final product 6 as TEA salt after extraction and chromatographic purification.
Chemical stability
Both classes were designed to improve the chemical stability profile of 5-ALA and 5-ALA-Hex. Figure 5 (top) shows that the stability profiles at 36 °C the 5 mM solution of ALA-Hex in different buffers displays pH dependent stability curves. At pH 4 the molecule is stable for prolonged periods of time because the amino group is fully protonated (pKa = 8.9 at 25 °C). However, at pH 7.40 a significant increase in deprotonation of the amino group facilitates fast and irreversible dimerization. The molecule has a half-life of 180 min under accelerated conditions at 37 °C. This phenomenon is even more pronounced at pH 8.9. Contrary, PSI-ALA-Hex 5 shows much improved stability. At neutral and basic pH the degradation rate is very slow and the stability is even better at pH=4.00. The P-ALA-Hex 6 showed excellent stability similar to PSI-ALA-Hex. At pH 4.00, 7.40 and 8.90 the molecule stays intact for hours compared to very fast degradation of ALA-Hex which occurs in minutes. The stability profiles are vastly superior to that of 5-ALA-Hex as is expected from the protection of the amino group. These observation are also in agreement with reports on the stability of 5-ALA itself [31, 46] . 
Enzymatic activation
The increased chemical stability displayed by both new ALA chemical classes is a consequence of the 5-amino group modification. However, the increase of stability might also cause a dramatic decrease in PpIX production as shown by amino-acid protected 5-ALA derivatives [34] . Therefore, we first tested 5-ALA-Hex release from PSI-ALA-Hex and P-ALA-Hex in the presence of alkaline phosphatase. PSI-ALA-Hex which contains the free phosphate group was found to be an excellent substrate for the target enzyme. 1U of alkaline phosphatase resulted in almost full activation and conversion to 5-ALA-Hex in 60 min (Figure 6 , left). The conversion was not complete presumably because of the experimental conditions. PSI-ALA-Hex was enzymatically converted to 5-ALA-Hex which in turn formed dimerized dihexyl-2,5-(β-carboxyethyl) dihydropyrazine very rapidly at pH 8.90. This product is water-insoluble and precipitates out of solution resulting in enzyme inhibition, causing the curve to flatten out after 80% conversion. It is noteworthy that the activation of PSI-ALA-Hex yields equimolar amounts of formaldehyde which is potentially cytotoxic. This could explain the higher in vitro dark toxicity of PSI-ALA-Hex compared to P-ALA-Hex at higher concentrations (2.00 and 3.33 mM) as depicted in Figure S2 . P-ALA-Hex, performed quite differently when subjected to enzymatic activation. The conversion was achieved much more slowly in the presence of 100 U of alkaline phosphatase (Figure 6, right) . It was actually surprising that P-ALA-Hex is a substrate for alkaline phosphatase at all but this can be explained by the broad substrate specificity of this class of enzymes [47] . This finding led to a 5-ALA prodrug class that is activated much more slowly. Therefore, fine-tuning the structure of phosphatase-sensitive 5-ALA prodrugs, allows for the modulation of 5-ALA release. 
3.4.
In vitro PpIX production We assayed the compounds of interest for in vitro production of PpIX in U87Mg glioblastoma cell line. This phenotypic assay measured the final fluorescence intensity of PpIX and not each individual step of the prodrug activation and conversion. The compounds were incubated with cells at different concentrations and compared to 5-ALA-Hex. 5-ALA itself induces PpIX up to 100 -200 times less efficiently than 5-ALA-Hex in certain cancer cell lines and was therefore not used as control our assays [48, 49] . Figure 7 presents the PpIX fluorescence intensity time profile in U87Mg cells at optimal concentration. It is evident that the PSI-ALA-Hex performs better than 5-ALA-Hex over 24 h. Figure S1 shows that PSI-ALA-Hex curves at different concentrations are superimposed which means that the PpIX production is saturated under our experimental conditions. Despite this and to our surprise, the 5-ALA-Hex induced fluorescence intensity is lower than that of PSI-ALA-Hex and P-ALA-Hex for long incubation periods. It was reasoned that this is due to the instability of 5-ALA-Hex under physiological conditions and/or limited dark toxicity at 0.33 mM as depicted in Figure S2 . In spite of the lower rate of in vitro enzymatic activation P-ALA-Hex also performed well in this assay. At 0.33 mM fluorescence intensity increases linearly over the 24h of the assay. Similarly to PSI-ALA-Hex, this molecule also gave higher fluorescence intensities than ALA-Hex at every time point, the difference becoming statistically significant at 24h for both molecules compared to ALA-Hex. Generally speaking, the optimal range of concentrations of both prodrugs for fluorescence induction were comparable to those required for 5-ALA-Hex with best results obtained in the range of 0.03-0.33 mM ( Figure S1 ). P-ALA-Hex, however, required higher concentrations used which corresponded to the phosphatase activation profile which was significantly slower than that of PSI-ALA-Hex. It should be noted that a larger series of PSI-ALA and P-ALA esters has been synthesized (data not shown) and that the corresponding methyl esters did not show any clinically relevant fluorescence levels in vitro. However, our main focus was on 5-ALA-Hex analogues since 5-ALA-Hex is clinically approved. 3.5. PpIX production in full U87Mg tumor spheroids The phenotypic fluorescence assay in cell monolayers described above was used as medium-throughput screen for new 5-ALA prodrugs. Despite its robustness, it has very limited ability to predict penetration across several layers of cells typically found in neoplasms. We therefore performed live U87Mg spheroid imaging to determine if the new prodrugs penetrate into the core of the 400-500 µm glioblastoma microspheroids (Figure 8 ). The fluorescence was visible throughout the entire spheroids (Fig. S4 ) and was more pronounced than the fluorescence produced by 5-ALA-Hex administration. This was especially the case for the P-ALA-Hex, which is lipophilic and negatively charged. It is noteworthy that Hoechst 33342 stained only the cell nuclei of the surface cells proving evidence for the difficulty of passage through several layers of cells. 3.6. In vivo chick acute toxicity Encouraged by the robust in vitro fluorescence profiles we assessed the acute in vivo toxicity of our compounds in living chick embryos [50] . 5-ALA-Hex is known for its pronounced acute toxicity after intravenous injection and we determined the LD50 of 75 µmol/kg. PSI-ALA-Hex was better tolerated and LD50 values of 200 µmol/kg were achieved. We postulated that these higher LD50 is a consequence of rapid conversion into 5-ALA-Hex. Therefore, the very high doses of P-ALA-Hex that were tolerated by chick embryos came as no surprise. Since this compound is much more slowly converted into 5-ALAHex (and 5-ALA) in all tissues expressing alkaline phosphatase, the LD50 was 500 µmol/kg which is 5-fold increase in tolerated doses compared to 5-ALA-Hex. The lower toxicity of P-ALA-Hex could also be explained by the lower rate of activation in whole blood as compared to PSI-ALA-Hex.
3.7.
In vivo CAM U87Mg spheroid tumor model Using the chorioallantoic membrane (CAM) model U87Mg tumor spheroids were obtained using a modified procedure [51, 52] . Spheroids approximately of 200 µm were implanted and microtumors could be observed on the CAM several days later. Compounds were injected and the fluorescence in micro tumors was imaged (Figure 9 ). In accordance with in vitro data, PSI-ALA-Hex started to outline the tumors as early as 30 min post injection followed by an excellent and statistically significant signal to background at 1h and also at 2h (Figure 9 and 10) . As expected, P-ALA-Hex displayed a delayed onset of the fluorescence signal but robust contrast nevertheless. The fluorescence time profiles of P-ALA-Hex were not fully in accordance with the in vitro enzymatic assays data, so the whole blood stability assay was also performed. It showed that both compounds get slowly metabolized in blood. PSI-ALAHex was still a faster ALA-releasing compound, however, the difference in activation rate was much lower than the one in vitro ( Figure S3 ). Other enzymes, such as phosphoamidases and other phosphatases could play a role in the activation of P-ALA-Hex, thereby reducing the difference in effective activation rates between the compounds. The fluorescence decreased to background levels in chick embryos in 5h which is a clinically relevant advantage ( Figure S5 ). The kinetics of the fluorescence signal were very important here as this gave an indication to prodrug activation, PpIX biosynthesis and final conversion to non-fluorescent heme or clearance out of the tumors. Interestingly, PpIX that was injected as one of the controls, to demonstrate that the PpIX was produced within the tumors and not in other developing tissues in the embryos, showed no preferential accumulation and fluorescence in the tumors (Figure 9 ). autofluorescence 0 min 30 min 60 min 120min 
